Transcription of the IEodABC genes in Rkizobium meliloti is required for root nodule formation in alfalfa (Mediago sati'a L.) and occurs when specific compounds, such as the flavone luteolin, are suppHed by the host plant. Results total N, and total dry weight but had no effect on nitrate assimi. These data show that normal levels of flavone nodulation signals in the rhizosphere ofHP alfalfa can limit root nodulation, symbiotic N2 fixation, and seedln growth and suggest that one mechanism for ising N2 fixation can be the genetic e ement of specific biochemical sigals which induce noduation genes in Rhizobium.
flowering and the plants are allowed to regrow, the differences in N assimilation between N2-dependent plants and those supplied with 8 mm nitrate disappear (8) . Thus, one might suggest that earlier or more prolific formation of effective root nodules could promote N2 fixation and plant growth.
Genetic factors in alfalfa can influence N2 fixation and growth (1, 19, 23) . Attempts to select for specific traits, such as nodule mass or nitrogenase activity (C2H2 reduction), produced plants that fixed more N2 under greenhouse but not field conditions (1) . A more complex selection plan that increased total dry matter and crude protein concentration under both N2-dependent and NH4NO3-dependent growth conditions produced 'Hairy Peruvian 32' alfalfa (HP32), which assimilates more carbon and nitrogen than the parental 'Hairy Peruvian' (HP) plants in both controlled (18) and field (16) environments. Detailed comparisons have shown that one significant difference between HP32 and HP is that HP32 forms more root nodules as early as 10 d after germination under N2-dependent conditions (10) . No biochemical basis has been described for the early nodulation phenotype of HP32 or for the responses of any other legumes in which N2 fixation was enhanced by genetic techniques.
The present study was initiated to test the hypothesis that the superior nodulation of HP32 is associated with an increase in flavone signals that induce transcription of nodABC in R. meliloti. A related corollary that addition of luteolin to HP plants could increase root nodulation, N2 fixation, and plant growth also was tested.
Microbial geneticists recently have demonstrated that transcription of important nodulation genes in Rhizobium is controlled by specific flavonoids produced in the host legume (7, 12, 20, 25) . In Rhizobium meliloti, for example, the flavone 3',4',5,7-tetrahydroxyflavone (luteolin) from alfalfa (Medicago sativa L.) induces the nodABC genes and leads to the early stages of root nodulation (15) . The closely related molecule 4',5,7-trihydroxyflavone (apigenin) also is active, but it induces considerably less transcription of a nodABC-lacZ fusion in R. meliloti than luteolin (15) . Although luteolin or some similar nodulation signal is required for root nodule formation in alfalfa, there is no published evidence indicating that the normal concentrations of such compounds in the rhizosphere limit nodulation or subsequent N2 fixation and plant growth.
There is clear evidence in alfalfa (8) Analyses. Dry weight, Kjeldahl N analyses, and '5N determinations by mass spectrometry were done as reported previously (17, 18) . The amount of N derived from NO3-and N2 was calculated by '5N dilution (18) Flavonoid extracts were prepared from HP and HP32 roots by homogenizing ground dry root material with a Super Dispax Tissumizer SDT 182 (Tekmar Co., Cincinnati, OH) in a solution composed of 80% acetone, 19% water, and 1% concentrated HCI (5 ml/100 mg root). Cellular debris was removed by centrifuging the extract at 15,000g for 15 min, and the supernatant solution was extracted twice with 10 ml of hexane. Flavonoids were then extracted from the aqueous phase with 10 ml of chloroform before evaporating to dryness. Extraction efficiency was estimated by adding known amounts of luteolin to root samples before extracting.
Bioassays for flavonoid nodulation signals were done by testing for induction of,3-galactosidase activity from a nodABC-lacZ translational fusion, R. meliloti 102 1/pRmM57, generously supplied by Dr. S. R. Long, Stanford University. Assays were done in a total volume of 475 1I with cells grown in TY medium (2) using standard methods (12) . One unit of,3-galactosidase activity was defined as the amount of enzyme required to produce 1 nmol o-nitrophenol/min at 28C (pH 7.0) (11) .
High pressure liquid chromatography (HPLC) (Shimadzu Scientific Instruments, Inc., Columbia, MD) was used to separate compounds in the flavonoid fraction. A 
RESULTS
Germplasm Comparisons. Plant roots were harvested at the beginning of the logarithmic growth phase when shoot and root mass were similar in HP and HP32 (Table I) . Bioassays of flavonoid extracts showed significantly (P < 0.05) higher concentrations of nod-gene-inducing compounds in HP32 roots than in HP roots at two test concentrations (3.7 and 7.4 g dry weight root/L) within the range of the standard luteolin controls (Fig.  1) . Results from the 3.7 g/L assay indicated that HP32 roots had a 60% higher (P < 0.05) concentration of inducing factors than HP roots (Table I) . Similar significant (P < 0.05), though numerically different, values could be calculated from the 7.4 g/L assays (50.7 and 73.7 units/mg root for HP and HP32, respectively). The increased concentration of flavonoid nodulation signals in HP32 roots relative to HP was associated with significantly more root nodules on the HP32 plants (Table I) .
HPLC chromatograms indicated that the flavonoid extracts contained a complex collection of compounds (Fig. 2) . Comparisons between chromatograms of HP and HP32 extracts showed that the luteolin concentration in HP32 roots was 77% greater (P < 0.05) than in HP (Table I) . Although apigenin peaks also tended to be larger in HP32 extracts, the difference was not significant.
Effects of Luteolin on HP Plants. During the seedling growth period, the 10 M luteolin treatment produced a highly significant increase (P < 0.001) in root nodule number, nodule mass, and N2 fixation, as well as a smaller but significant (P < 0.05) increase in dry weight and total N (Table II) . Nitrate assimilation calculated from '5N03 uptake was not affected by luteolin. The dry weight increases produced by the luteolin treatment were evenly distributed between the shoot and root: shoot/root ratios for 0 and 10 .M luteolin were 2.41 and 2.45, respectively.
Net plant growth and N assimilation during the 36 d after the first harvest tended to be greater in HP plants treated with luteolin than in untreated controls, but only the increase N was significant (Table III) . Luteolin had no effect on the number of stems in either the seedling stage or the regrowth stage.
DISCUSSION
Results from this study indicate that normal levels of flavone nodulation signals in the rhizosphere of HP alfalfa can limit root nodulation, symbiotic N2 fixation, and seedling growth. A single application of 10 uM luteolin to the rooting substrate of HP at planting overcame that limitation (Table II) , and genetically altered HP32 plants (19, 23) , which show traits similar to HP plants treated with luteolin (10, 18) , contain a higher concentration of compounds that induce transcription of a nodABC-lacZ fusion in R. meliloti ( Fig. 1; Table I ).
Although the difference in concentration of nodulation signals appears to be an important part of the improved phenotype of HP32, it clearly is only one change produced by the complex selection protocol. The importance of this change is emphasized by the fact that an increase in number of root nodules and concentration of inducing factors was measured in HP32 relative to HP before any significant differences in plant growth were evident (Table I ). The 35-d-old seedlings analyzed were just entering the log phase of growth, and minor differences at that stage would have been magnified manyfold before flowering (10) . Thus, one can use a temporal argument to suggest a causal relationship between the increase in flavonoid nodulation signals, the greater number of root nodules, and the increased growth and N2 fixation characteristic of HP32. The limitation of that suggested causal relationship is evident in the fact that the greater number of stems normally found in HP32 (10) was not produced by adding luteolin to HP. Thus, one cannot ascribe all desirable traits in HP32 to an increase in flavonoids. Despite that drawback, these data provide the first evidence that supports a biochemical explanation for differences in legumes that have been genetically altered to increase symbiotic N2 fixation. Whether a direct selection for luteolin would produce an increase in N2-fixation capacity is not known. More extensive tests, which are in progress with different R. meliloti strains and other alfalfa populations selected for various types of N assimilation, will be required before one can conclude that flavone nodulation signals limit N2 fixation in diverse R. meliloti-alfalfa associations.
Data obtained from these experiments do not prove conclusively that luteolin is the specific flavone responsible for differences between HP and HP32. Although the estimated concentration of luteolin in HP32 roots was similar to the increase in nodgene-inducing activity of the root extracts (Table I) , a more rigorous identification ofthe putative luteolin and apigenin peaks is desirable. We are now using standard chemical methods to identify compounds present in the complex HPLC profile of the flavonoid fraction (Fig. 2) . In the process of identifying those compounds, it will be important to check for possible changes in the concentration of any flavonoids that may inhibit induction of nodulation genes (7) .
One difficult factor not addressed by the present study concerns the relationship between flavonoid concentrations inside the root and those outside in the rhizosphere. Recent studies with sterile lentil seedlings showed that roots contained 4',7-dihydroxyflavone at a concentration of 0.1 ,ug/plantlet, while the same roots exuded the compound at a rate of 0.05 ,g/plantlet/d (4) . Those values suggest that, for sterile seedlings, internal flavonoid concentrations are closely related to the amount exuded, and they are consistent with the concept that phenolic compounds are a common component ofroot exudates (3) . Exudates were not examined in the present study because the rhizobia in the rhizosphere of the alfalfa seedlings might degrade flavonoids and mask differences between HP and HP32.
Relationships between synthesis of flavonoid nodulation signals and phytoalexin production are poorly understood. Many flavonoids are considered phytoalexins (6), and increased accumulation of the isoflavone kievitone is associated with resistance to Phytophthora in cowpeas (14) . Ascochyta infections of alfalfa increased the concentration of 4',7-dihydroxyflavone and 3',4',7-trihydroxyflavone in alfalfa leaves but not in roots (13 
